In this paper, we report a new method to incorporate 3D scaffold with electrotaxis measurement in the microfluidic device. The electrotactic response of lung cancer cells in the 3D foam scaffolds which resemble the in vivo pulmonary alveoli may give more insight on cellular behaviors in vivo. The 3D scaffold consists of ordered arrays of uniform spherical pores in gelatin. We found that cell morphology in the 3D scaffold was different from that in 2D substrate. Next, we applied a direct current electric field (EF) of 338 mV/mm through the scaffold for the study of cells' migration within. We measured the migration directedness and speed of different lung cancer cell lines, CL1-0, CL1-5, and A549, and compared with those examined in 2D gelatin-coated and bare substrates. The migration direction is the same for all conditions but there are clear differences in cell morphology, directedness, and migration speed under EF. Our results demonstrate cell migration under EF is different in 2D and 3D environments and possibly due to different cell morphology and/or substrate
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I. INTRODUCTION
Electrotaxis, or galvanotaxis, is the directional migration of adherent motile cells in response to an applied direct current (dc) electric field (EF). Over 150 years ago, endogenous dcEFs has been measured at epithelial wounds of human skins, 1 where DuBois-Reymond observed about 1 lA of current leaving small epidermal wounds created in human fingers. It has long been proposed that, by sensing and orienting themselves toward such induced EF, cells are able to direct their movement toward the wounds to repair the damage. 2, 3 Such migration is also suggested to be related to the directional growth of cells and tissues during development and regeneration. [4] [5] [6] To illustrate the underlying mechanism, many in vitro experiments have been performed to study the electrotaxis of various cell types in response to dcEFs with a magnitude of a few tens to hundreds of mV/mm, similar to that experienced in vivo (e.g., at human skin wounds). Many cells include lymphocytes, 7, 8 cancer cells, 9, 10 leukemia cells, 3 and stem cells 11 were demonstrated to show evident electrotaxis effect. Some cells move toward the anode, [12] [13] [14] and others migrate toward the cathode. 8, [15] [16] [17] Especially, a physiological dcEF originating from differential distribution of ion channels on polarized cells forms the so-called transepithelial potentials (TEP) which is reported to relate to the metastasis of cancerous tissues. 18, 19 However, the underlying mechanism of such correlation still requires further investigation to be clear.
In most electrotaxis experiments, cells are cultured and maintained on a two-dimensional (2D) flat substrate such as simple assembly of petri dishes and cover glasses 3, 20 or sophisticated glass-and/or polymethylmethacrylate (PMMA)-and/or polydimethylsiloxane (PDMS)-based a) Author to whom correspondence should be addressed. Electronic mail: jycheng@gate.sinica.edu.tw.
1932-1058/2012/6(1)/014102/14/$30.00 V C 2012 American Institute of Physics 6, 014102-1 microfluidic chips, [7] [8] [9] with dcEFs been applied via agar salt bridges 3, 9, 20 or platinum electrodes. 7, 8 Though 2D electrotaxis experiment is easy and convenient to carry out in the aspects of manipulation and observation, it may fail to capture some in vivo conditions where cells are situated in 3D microenvironment. The effect of the electric field may be different in cell movement over three-dimensional (3D) topology compared with 2D flat substrates.
Tissue cells in the human body grow in a 3D microenvironment composed of extracellular matrix, carbohydrates, and other cells. A number of studies have been done to reveal the effects of 2D versus 3D cell culture on differentiation, [21] [22] [23] [24] [25] drug metabolism, [26] [27] [28] [29] [30] gene expression and protein synthesis, [31] [32] [33] [34] [35] general cell function, [36] [37] [38] [39] [40] increase of in vivo relevance, 31, [41] [42] [43] morphology, [44] [45] [46] [47] proliferation, 26, [48] [49] [50] [51] response to stimuli, 41,52-54 viability, 36, [55] [56] [57] and migration. [58] [59] [60] [61] Adding the third dimension to cellular environment provides them with more in vivo-like morphology, behaviors, and intercellular interactions for understanding cytology in more physiological conditions. 3D scaffolds are introduced to mimic cells' in vivo environment while cultured in vitro. The scaffolds often are highly porous for seeding cells inside and providing large surface areas for cell migrations and interactions. Conventional methods for fabricating 3D porous scaffolds include phase separation, 62,63 electrospraying, 64 electrospinning, 65, 66 particle leaching, 67 and others. 68 Scaffolds made by these methods often exhibit inhomogeneous structures with uncontrollable and unpredictable pore sizes and reduced inter-pore connections. It is hard to do systematic analysis on the cell-matrix interactions on such platforms. Recently, various methods have been developed for producing 3D ordered scaffolds via solid freeform fabrication techniques such as fused deposition modeling, 69 shape deposition manufacturing, 70 stereolithography, 71 selective laser sintering, 72 and 3D printing. 73 A majority of these methods involve complicated processes and/or expensive robots, so they are not suitable for massive scaffold fabrication. Recently, Lin et al. 74 reported using simple microfluidics to easily and economically fabricate 3D scaffolds with uniform pore sizes by generating monodisperse foam with a microfluidic device.
In this study, a modified microfluidics based on the above mentioned system was used to fabricate 3D ordered porous scaffolds. 75 The pores of the scaffold are spherical and uniform in diameter ranging from 80 to 100 lm and provide alveoli-like structure. Using microfluidics provides an easy and economical way to fabricate 3D scaffolds with uniform pore sizes. The base material of the scaffold is crosslinked gelatin which is good for cell adhesion and proliferation. After seeding cells, scaffolds were embedded in a tightly sealed fluidic chamber. The cell morphology was compared with that on 2D substrate. The fluidic chamber was then integrated with two agar salt bridges for EF application and a transparent heater for temperature control. Compared to traditional electrotactic systems which often have problems in medium evaporation and temperature maintenance, 76 the presently designed chamber provides better control over the experimental microenvironment. The size of the chamber and thus the medium consumption are largely reduced. The electrotaxis effect of human lung cell lines, A549, CL1-0, and CL1-5, [77] [78] [79] in 3D scaffolds was observed and compared with that studied in 2D gelatin-coated and bare substrates. 9
II. MATERIALS AND METHODS

A. 3D scaffold fabrication
A PDMS-based flow-focusing device was used to generate monodisperse foam ( Fig. 1(a) ). At a temperature-controlled environment, a solution of 7% gelatin (Sigma) and 1% Pluronic V R F127 surfactant (w/w % in warm de-ionized (DI) water) was injected into the liquid inlet while nitrogen gas passed through the gas inlet. Under the appropriate air pressure and liquid flow rate controlled by pressure regulator and syringe pump, respectively, monodisperse bubbles at crystalline packing fraction were produced ( Fig. 1(b) ) and collected at the outlet into customized reservoirs. Afterwards liquid gelatin foam were first congealed in 4 C refrigerator for 5 min, transferred into a solution of 2% formaldehyde (Sigma) and 0.1% glutaraldehyde (Sigma) (w/w % in DI water) at 4 C overnight for chemical crosslinking. The resulting solid foam was further degassed under vacuum to become scaffold with interconnected pore structure. To be biocompatible, the scaffolds were washed extensively in DI water for 1 h and then in 1 M glycine (Sigma) for another hour, washed in the same order for two more times, and stored in phosphate buffered saline (PBS) under 4 C before further use.
B. Fluidic chamber fabrication
As shown in Fig. 2 , the fluidic chamber consists of 3 pieces of PMMA substrates, 3 pieces of double sided tapes (8018, 3 M), and 1 piece of glass slide. The pattern was designed in AutoCAD (Autodesk) and then loaded in a CO 2 laser scriber (M-300, Universal Laser Systems or ILS2, Laser Tools & Technics Corp.) to ablate desired pattern on PMMA substrates (thickness ¼ 1 mm) and double sided tapes (thickness ¼ 70 lm). Two protrudent pieces (3 mm Â 4.5 mm each) of the middle PMMA were used to clip the scaffold and prevent it from sliding away during observation.
The empty channel of the bottom PMMA is 50 mm Â 12 mm in dimension. The top PMMA have 4 holes on it, with the middle two (diameter ¼ 5 mm each) glued to bigger adapters for agar salt bridges and the outside two (diameter ¼ 2 mm each) glued to smaller adapters for medium flow. In our early studies, 9 cytotoxicity of the double sided tapes on CL1-5 cells was examined, and no significant change in cell viability was observed.
C. EF calculation and measurement
According to Ohm's law, the strength of electric field through a bulk material is
where I is the electric current flowing across the material, r is the conductivity of the material, and A eff is the effective cross-sectional area of the material. Equation (1) is used to calculate the EF inside the fluidic chamber where no scaffold is presented. The actual EF inside the scaffold-containing chamber was measured as the following. On the top PMMA (see Fig. 2 ), few more holes (diameter ¼ 1.08 mm) were fabricated by laser ablation in the middle area between two agar salt bridges. Shielded copper wires were inserted into the scaffold through these holes and tightly glued. Potential difference between any two of these holes was measured using an oscilloscope (TDS2024, Tektronix). The EF was calculated to be the potential difference divided by the distance between the holes.
D. Cell preparation
Lung cancer cell lines CL1-0 and CL1-5 were kindly provided by Pan-Chyr Yang (from National Taiwan University, College of Medicine). 77, 79 Lung cancer cell line A549 was purchased from Bioresource Collection and Research Center (BCRC), Taiwan. A complete medium composed of Dulbecco's Modified Eagle's medium (DMEM, Gibco) and 10% fetal bovine serum (FBS, Invitrogen) was used for all cells. Cells were incubated in tissue culture poly-styrene (TCPS) flasks (Corning) in 5% CO 2 at 37 C before seeding into the scaffolds.
E. Electrotaxis experiment 20 ll cell suspension at a density of 5 Â 10 6 $ 10 7 cell/ml was pipetted into the scaffold, and then the scaffold was incubated in 5% CO 2 at 37 C for at least 2 h. During this time, cells were able to penetrate into deeper layers of the scaffold through interconnected pores, and further adhere onto the walls of the pores. PMMA substrates were then assembled by double sided tapes in an upside-down way, and the scaffold was placed in the middle of two protrudent pieces with cell-seeded side facing up (Fig. 2 ). The glass slide was last glued beneath the PMMA layers to form the fluidic chamber. The device was further connected to two agar salt bridges (1.5% agar dissolved in PBS) via the middle two adapters, and to two plastic tubes via the outside two adapters. DMEM only (without serum) was pumped into the chamber manually until the volume was filled.
For electrotaxis study, the fluidic chamber was mounted on top of a transparent indium tin oxide (ITO) glass (Part No. 300739, Merck) which was connected to a proportional-integralderivative (PID) controller (TTM-J4-R-AB, JETEC Electronics Co.) for maintaining temperature at 37 6 0.5 C via feedback from a thermal couple (TPK-02 A, TECPEL) clamped tightly between the heater and the chamber. For bright-field imaging, the chamber-heater unit was clipped onto the xy stage of an inverted microscope (IX71, Olympus) for cell observation using a 20X objective lens. For 3D bright-field/fluorescent imaging, the unit was mounted onto the xyz stage of a spinning disc confocal microscope (CSU22, Hamamatsu) using a 20X water immersion objective lens. The whole system for electrotaxis experiment is illustrated in Fig. 3 . To apply EF through the chamber, agar salt bridges were placed in beakers filled with PBS, where Ag(anode)/ AgCl(cathode) electrodes were connected to a dc power supply (PowerPac Basic, Bio-Rad) in series with a multimeter (189, Fluke) for continuously monitoring the current. Usually, a voltage of 80 V was applied on the electrodes, which gave a measured current of around 6 mA.
F. Cell migration measurement
We observed cell migrating inside pores of the second or third layer of the scaffolds from the bottom surface by the bright-field inverted microscope. Time-lapse movie was taken at an interval of 5 min for 2 h with a digital camera (Canon 500D) and analyzed by ImageJ software (National Institute of Health (NIH)). We quantified the migration directedness and speed by tracing the position of the cells. The migration directedness is defined as the average cosine h, (R i cosh i )/n, where h is the angle between the vector of applied EF (from positive to negative) and the vector from the start to the end position of a cell, and n is the total number of cells taken into consideration. A directedness of À1 means that all cells move toward the cathode, while þ1 indicates all cells migrating toward the anode. The directedness of a group of randomly walking cells should be close to 0. The migration speed is defined as the average displacement (in xy plane) of cell migration per hour. For each type of cells with or without the applied EF, more than 50 cells were selected from 2 to 6 independent experiments for data analysis. Standard error of the mean (SEM) was added to the data. Statistical differences between experimental and control groups were assessed with unpaired Student's t-test with p-values shown in corresponding figures.
G. Electrotaxis experiment of lung cancer cells on 2D gelatin substrates
A microfluidic cell culture chip reported in our early work 9 was slightly modified and used for studying cells' migration on 2D gelatin-coated substrates. First, regular cover glasses (60 mm Â 24 mm) were immersed into a solution of 5% aminosilane (3-aminopropyl-triethoxysilane, Fluka) in DI water (w/w %) for 2 min, removed slowly out of the solution, and baked at 
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Electrotaxis in 3D scaffold Biomicrofluidics 6, 014102 (2012) 80 C for 20 min. A double sided tape with a trench size of 27 mm Â 5 mm was stuck onto an aminosilane-treated glass. 10 ll of gelatin solution (see Sec. II A) was pipetted onto the trench area and then spin-coated evenly over that area. The volume of gelatin solution was calculated to ensure that it covered the whole trench surface with a height equal to that of the tape (70 lm). For crosslinking, the gelatin-coated glass was immersed in 2% formaldehyde (w/w % in DI water) for1 h and washed in DI water and glycine as described in Sec. II A. Assembly of the microfluidic chip was detailed in our early work. 9 For electrotaxis experiments, cells in identical conditions (i.e., density and medium, see Sec. II E) were infused manually into the chamber and cultured overnight. Serum-free medium was used when the EF was applied and electrotaxis experiment was carried out. Cell observation and migration measurement are described in Secs. II E and II F.
III. RESULTS
A. 3D scaffolds with a uniform pore size
As shown in Fig. 1(b) , uniform-sized bubbles packed in the crystalline state 74 were collected from the outlet into a PMMA-made reservoir. After degassed under vacuum, the interconnected pores were filled with water. The size of the reservoir as well as the scaffold is 1 mm in thickness and 6 mm in diameter as shown in Fig. 4(a) . Fig. 4(b) shows a bright field image of the scaffold. Pores in each plane are often arranged in honeycomb order and a different layer of pores can be seen from the blur out-of-focus image. Fig. 4(c) shows a better sectioning image of fluorescence imaged by a confocal microscope. The edges around the pores are not uniform in thickness. 3D structures of the scaffold were re-constructed from a z-dimensional stack of Fig. 4 (c) using Imaris 7.0.0 (Bitplane). Fig. 4(d) shows the top-view of the scaffold, where the size of top-to-bottom connected pores is around 50 lm. Furthermore, Fig. 4(e) shows the side-view of the scaffold, where the size of side-to-side connected pores is about 20-30 lm. These pore sizes are large enough for cells to penetrate down to deeper layers as well as to migrate horizontally from one pore to another. CL1-0 cells stained with CellVue V R (peak excitation at 655 nm and peak emission at 675 nm) were pipetted onto the surface of a scaffold and then incubated for 2 h as mentioned in Sec. II E. This cell-seeded scaffold is shown in Fig. 4(f) , which was re-constructed from a stack of confocal images in the z dimension. It is clear that cells with a size of 10-20 lm stayed in different layers and positions of the scaffold. See Movie 1 for the 3D structure of Fig. 4(f) .
Although having different surface chemistry, such 3D porous scaffolds share many similar characteristics with the in vivo pulmonary alveoli (see Fig. 5 ). First, an alveolus has a form of a hollow cavity, with an average diameter of 200-300 lm. Second, in some alveolar walls, there are pores between alveoli called Pores of Kohn. Last but not the least, the stiffness of these gelatin-made scaffolds was measured to be 3-10 kPa by tissue deformation stage (Harrick Scientific). 80 Such stiffness is similar to that of the alveoli (1.5-2 kPa (Ref. 81)), but many orders of magnitude smaller compared with that of glass (50-90 GPa) or PMMA (1.8-3.1 GPa). Table I summarizes the similarities between 3D porous scaffolds and pulmonary alveoli. All these features rationalize our choice of such scaffolds for in vitro studying lung cancer cell behaviors.
B. Comparison of cell morphology in 2D and 3D environments
We observed that CL1-5 and A549 cells cultured inside 3D scaffolds have very different morphology compared to those cultured on flat 2D substrates. Figure 6 shows the ellipticity, defined as [(long axis)-(short axis)]/(long axis) for an ellipse-shaped cell, of (a) CL1-0, (b) CL1-5, and (c) A549 cells after 2 h and 2 days cultured in 2D and 3D environments. In 3D environments, the ellipticity is calculated by the projected 2-dimensional image, so the value will be slightly underestimated. A round-shaped cell has an ellipticity of 0. It is noticed that, for all the three cell lines, cell morphology does not differ significantly between 2D (2D glass surface) and 2DG (2D-gelatin coated) surfaces. However, when cultured in 3D (3D-gelatin made scaffold), CL1-5 and A549 showed significant morphology changes. CL1-0 cells have 
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Electrotaxis in 3D scaffold Biomicrofluidics 6, 014102 (2012) similar ellipticity (0.1-0.2) when cultured 2-dimensionally and 3-dimensionally. But, take 2-day culturing for example, CL1-5 cells have an average ellipticity of 0.22 in 3D scaffolds, compared to 0.58-0.64 in 2D bare and gelatin-coated glass substrates, and A549 cells have an average ellipticity of 0.14 in 3D scaffolds, compared to 0.42-0.46 in 2D substrates. CL1-5 and A549 cells exhibit different morphology when cultured in 2D and 3D environments likely in response to the physical/mechanical properties of their surrounding materials, and this might in turn affect their responses to EF stimuli as described in Secs. III C-III E.
C. EF calculation and measurement
Referring to Eq. (1) of Sec. II C, in the present system, I is the applied direct current in mA, r ¼ 1.38 X À1 m À1 for DMEM and A eff ¼ 15 mm 2 for geometry shown in Fig. 2 , which give a constant E ¼ 48.3 x I mV/mm throughout the chamber where no scaffold is presented. At an applied voltage of 80 V on the electrodes, a current of 6 mA was measured on the multimeter. This in turn gives a calculated EF strength of 290 mV/mm of no scaffold. However, the measured EF inside the scaffold was 338 mV/mm, which is about 16% higher than the calculated value. Simulation was performed (data not shown) and showed good agreement with the measurement. The increase in EF is mainly due to the porous structure of 3D scaffolds where the effective cross-sectional area is smaller in Eq. (1) compared to the situation without scaffolds.
D. Cell migration under dcEF inside 3D scaffolds
As described in Sec. II E, cell migration was observed and imaged by an inverted microscope using a 20X objective lens. This gives a field of view (FOV) of about 1 mm Â 1 mm, which is large enough for the observation without the need of moving the stage. Cells moved out of focus or FOV were not selected for analysis. Lung cancer cell lines CL1-5 and A549 have been shown to migrate with clear directivity under dcEF in traditional 2D environments. 9, 10 In our present study, cells were seeded into 3D ordered scaffolds, and their movement under an applied EF of 338 mV/mm was observed. Figs. 7(a) and 7(b) (Movie 2) show images of lung cancer A549 cells under EF at t ¼ 0 min and t ¼ 60 min, respectively (see Movie 2 for the cell migration in 3D scaffold). We observed the cells located in the second layer of the scaffold, and some of them were able to move across neighboring pores through interconnected pores (e.g., cells in circles). However, as seen in the video, some cells could not penetrate the circular pore, mainly because they were blocked in the boundary of the pore where no interconnected pores exist. This observation suggests that lung cancer cells can freely migrate inside and may, therefore, penetrate through in vivo pulmonary alveoli during their infection and/or metastasis. The foam scaffold may be used as a model system to study lung cancer cell migration.
The migratory behaviors of CL1-0, CL1-5, and A549 cells were shown as polar plots in Fig. 8 . At t ¼ 0 min, cells were set at the origin, and their positions after 2 h with (right column) and without (left column) the applied EF were recorded in the plots. Without EF, all types of cells moved randomly and showed no directional tendency. Under an applied EF of 338 mV/mm, the directivity of different cells was clearly observed: CL1-0 cells showed no bias, CL1-5 cells migrated toward the anode, and A549 cells moved toward the cathode. These directional migrations in 3D environment imply that electrical potential (endogenous or extrinsic) is possibly one major factor affecting the metastasis and activity of lung cancer cells in vivo. The directedness of 3 different cell lines is listed in Table II . Under EF, CL1-0 cells did not show prominent directional movement (directedness ¼ 0.06 6 0.05 compared to 0.11 6 0.09 without EF), while CL1-5 cells migrated toward the anode (directedness ¼ À0. 33 6 0.10 compared to 0.02 6 0.11 without EF, p < 0.01), and A549 cells migrated toward the cathode (directedness ¼ 0.25 6 0.04 compared to À0.05 6 0.09 without EF, p < 0.05). CL1-5, though derived from CL1-0, does exhibit obvious directedness and is more invasive than its parent cell line both in vivo and in vitro. 78, 79 Global genomic analysis has shown the gene expression difference between these two sublines. 78 Another interesting finding is that about 10%-20% of CL1-5 cells, which are ellipse-shaped (see Sec. III B), tend to orient themselves perpendicularly to the EF direction. This might cause some steric hindrance to cells when they tried to move across interconnected pores. A rough counting estimated that 5%-10% of round-shaped cells and only less than 1% of ellipse-shaped cells could migrate through interconnected pores, depending on their locations (in the middle or edge of FIG. 8. Polar plots of cell migration after 2 h with and without the applied EF. Left column: CL1-0, CL1-5, and A549 without the applied EF. Right column: CL1-0, CL1-5, and A549 with the applied EF of 338 mV/mm. In the beginning, cells are set at the origin. All plots have the same scale and EF direction (from the right to the left). pores) and migrating directions (toward interconnected pores or not). The shape effect manifests itself in the 3D scaffold where steric hindrance exists. On the contrary, the cell shape does not affect the migration in 2D substrate. Detailed comparison of electrotactic response between cells cultured in 2D and 3D environments is discussed in Sec. III E. We have also studied the differences in gene expression levels under EF stimulation in an ongoing project. 82 Our preliminary results revealed that some genes were up-regulated while some were down-regulated, and these could imply the influence on cells' metastatic pathways.
Table II also shows the migration speed of CL1-0, CL1-5, and A549 cells. Both CL1-0 and CL1-5 exhibited higher motility than A549 in response to an applied EF. For example, CL1-5 cells under EF ¼ 338 mV/mm moved about 1.5 times as fast as those without EF stimulation. The EF not only direct but also speed up cell migration. Table III lists the migration directedness and speed of lung cancer cell lines CL1-0, CL1-5, and A549 under dcEF ¼ 300-375 mV/mm in 2D (bare substrates 9,10 and gelatin-coated glasses) and 3D (gelatin-made scaffolds) cultures. First, cells in all environments showed identical migration directions, being CL1-0 had no bias (near-zero directedness), CL1-5 moved toward the anode (negative directedness), and A549 migrated toward the cathode (positive directedness). However, for CL1-5 and A549 cells, the absolute values of directedness are different in three environments, being 3D scaffolds < 2D gelatin-coated glasses < 2D bare substrates (for CL1-5, 0.33 < 0.43 < 0.60; for A549, 0.25 < 0.31 < 0.76). 3D cells showed the weakest electrotactic response (i.e., the smallest directedness) because not all of them were able to migrate freely inside such scaffolds. This steric hindrance causes some cells to be blocked by the walls of the pores. Also, as described in Sec. III A, 3D scaffolds composed of gelatin are softer (stiffness $ kPa) than 2D gelatin-coated glasses (stiffness $ 100 kPa) and bare glass or PMMA substrates (stiffness $ GPa), and this difference in stiffness might affect cell attachment and subsequent electrotaxis and motility. [83] [84] [85] From the current result, stiffer substrates result in more prominent electrotactic response of the cells. However, the effect of the steric hindrance cannot be ruled out. We plan to tune the stiffness of the scaffold to study the effect of stiffness on cell migration in 3D scaffold. The migration speed is also different in three environments, being 2D gelatin-coated glasses < 3D scaffolds < 2D bare substrates. Cells inside 3D scaffolds migrated slower than those on 2D bare substrates. There are two possible reasons for this result. The first one is again steric hindrance, which means cells inside scaffolds might be blocked by the walls. The second one is that cells inside scaffolds moved 3-dimensionally, while our observation was only 2-dimensional. The ignored z-dimension might reduce the actual migration speed of cells. The unexpected result of cells on 2D gelatin-coated glasses moving the slowest remained to be further investigated. Moreover, by comparing Fig. 6 (ellipticity) with Table III (speed), for 2DG vs. 3D of A549 cells, the abrupt decrease in ellipticity results in significant increase in migration speed. Similar speed increase was not observed for CL1-5. This indicates that the motility in EF is not solely determined by the steric hindrance caused by the cell shape.
E. Comparison of cell migration under dcEF in 2D and 3D environments
IV. CONCLUSION
Here, we reported a study of electrotaxis of lung cancer cells in the alveoli-like 3D scaffolds and found that cells responded differently from those cultured on traditional 2D substrates. Inside such scaffolds, cells were able to migrate through interconnected pores to the neighboring big pore in response to electrical stimuli. With a similarity to what were observed in 2D environments, inside such 3D scaffolds, CL1-0 cells showed no clear electrotactic response, while CL1-5 cells moved toward the anode and A549 cells migrated toward the cathode. Under EF stimuli, cells respond differently in 2D and 3D environments, mainly due to the difference in materials, stiffness, spatial freedom, and steric hindrance. Especially, the finding that the directedness is proportional to the stiffness of cells' resting environment encourages us to keep on studying such dependence in 3D surroundings. Also, CL1-5 and A549 cells preferred roundshaped morphology when cultured in 3D scaffolds, in contrast to those having ellipse-shaped morphology in 2D substrates. This phenomenon can be again attributed to the stiffness of materials and the microstructure, in which cells were attached to and can also be related to the above-mentioned electrostatic responses. Our experimental results further suggest that it is of great importance to study cells' behaviors and functions in such 3D scaffolds mimicking the in vivo environments inside a human body.
